Purpose of review Disruption of metabolic homeostasis is universal in the critically ill. Macronutrients and micronutrients are major environmental regulators of metabolite production through their gene regulation effects. The study of large numbers of circulating metabolites is beginning to emerge through the comprehensive profiling of the critically ill. In the critically ill, metabolomic studies consistently show that changes in fatty acids, lipids and tryptophan metabolite pathways are common and are associated with disease state and outcomes.
INTRODUCTION
Metabolomics is the broad profiling of metabolites on the cellular, tissue or circulating level.
Metabolite profiles provide a holistic functional view of individual patients. Such metabolite profiles are the final result of cellular function driven by genomic, transcriptomic, proteomic and environmental factors inclusive of nutrition delivery ( Fig. 1 ) [1] . Advances in mass spectrometry and bioinformatics have allowed metabolomics to become an important tool for the measurement of circulating end products of cellular metabolism [2] . The human metabolome is constituted of approximately 6500 individual small molecule metabolites [3] . Metabolomics is applied by investigators to define biological markers of chronic and acute diseases, determine the response to intervention and illuminate the mechanistic understanding of disease.
Analysis of the blood metabolome produces a highly coordinated profile of homeostasis [3] . Loss of metabolic homeostasis is common in critical illness and characterized by a severe disruption of multiple metabolic pathways [4] . Disrupted metabolic homeostasis is important in both the pathogenesis and progression of critical illness.
Proteomic and transcriptomic patterns in peripheral blood show systematic changes with critical illness that are reflected in blood plasma metabolites [5, 6] . In critical illness, plasma metabolic profiles are the products of the cellular response to inflammation and nutrients. Macronutrients and micronutrients are major environmental regulators of gene expression by affecting the concentrations of other metabolic substrates or intermediates involved in gene regulation and alteration of signal transduction pathways. Nutrition delivery affects a large number of biological processes vital to the immune response, including gene expression, protein synthesis, modification and degradation, metabolism, signal transduction and cellular proliferation [7] .
Malnutrition present at ICU admission can serve as a marker of illness severity and outcomes in critically ill patients [8] . Preexisting proteinenergy malnutrition is a risk factor for the development of sepsis and for mortality in patients with sepsis [8] . Malnutrition results in lower neutrophil recruitment to sites of inflammation, related to decreases in integrin expression and altered chemokine production [7] . Malnutrition decreases cellular immunity, decreases CD8 þ T-cell number and function and substantially reduces cytokine production and phagocytosis [9] . Malnutrition and the response to nutrient delivery, which can be characterized in the metabolome, may explain a significant proportion of the risk of critical illness development because of altered innate immune responses. By combining metabolomic approaches with clinical, nutritional and genomic data from critically ill patients, it is possible to link nutritiongene interactions to specific metabolites and pathways. To date, the metabolomic study of critical illness is limited with regard to malnutrition and nutritional delivery.
In experimental critical illness, early parenteral nutrition (PN) suppresses autophagy and is associated with more severe mitochondrial damage and greater organ dysfunction [10] . Experimental studies indicate that the maintenance of homeostasis during the cellular stress of critical illness depends on cross talk between autophagy and the inflammasome [11, 12] . Experimental stimulation of autophagy is protective against organ failure and mortality, whereas inhibition of autophagy results in heightened organ dysfunction and mortality [13, 14] . Autophagy deficiency in liver and skeletal muscle is noted following early PN in experimental critical illness [10] . Inhibition of autophagy via early PN leads to an increase in muscle weakness and decreased muscle recovery [15, 16] . Further, autophagy suppressionrelated blunting of innate immunity may contribute to the higher infection rate noted with early PN in the EPaNIC trial [17] .
Critical illness is influenced by genetic factors, especially by genes that regulate the immune response. Polymorphisms of many genes related to innate immunity, inflammatory cytokines and coagulation likely play a large role in determining susceptibility to and outcome of critical illness. Specifically, polymorphisms in mannose-binding lectin, lipopolysaccharide-binding protein, bacterial permeability-increasing protein, CD14, toll-like receptors, IgG receptors, tumor necrosis factor, lymphotoxin alpha, IL-6, macrophage migration inhibitory factor, IL-10, plasminogen activator inhibitor-1 may be important in development and outcomes of critical illness [18] .
Metabolite concentrations are quantitative, phenotypic traits controlled by a DNA sequence termed the quantitative trait locus [19] . Integration of metabolomics and genomics may create a more complete understanding of gene function and the control of metabolism in critical illness [20] . Transcriptionally distinct subclasses related to early versus late PN might account for some of the heterogeneity seen in critical illness outcomes. Nutrition-genomic interaction effects via posttranscriptional events are likely more important for driving the metabolic response in critical illness than genetics alone [21] . Further, it is likely that metabolites specific to host defense in critical illness have a strong genetic component, given
KEY POINTS
Metabolomics and other omics technologies provide a powerful view into the response to nutrient deficiency and the effects of nutrient administration.
Emerging studies in critical illness show perturbation of specific metabolic pathways is related to severity of disease.
Nutritional status and nutrient deficiency contribute to the dysregulation of metabolic homeostasis universal to critical illness. genome-wide association study findings at the FER locus [22] .
CRITICAL ILLNESS METABOLOMICS
The use of emerging metabolomic tools, able to examine dynamic responses at a system level holds promise for complex conditions such as critical illness and the response to nutritional interventions. A number of studies are published on metabolomics of critical illness [5,6,23- ]. Fatty acid metabolism has been linked to immune responses in critical illness. Fatty acid synthesis has also been implicated in the activation of dendritic cells and the differentiation of B lymphocytes and human monocytes [38] . The NLRP3 inflammasome is unique in its ability to recognize molecular patterns associated with host-derived metabolites, such as saturated fatty acids [39] . Differences in fatty acid metabolite profiles are prominent in the metabolomic phenotype of adverse versus favorable critical illness outcomes [5] .
Lipidome alterations are prominent in critically ill patients [23, 25] . NLRP3-mediated inflammasome activation is regulated through lipid synthesis [39] . Decreased plasma level of phosphatidylcholines and lysophosphatidylcholines are prominent in critical illness nonsurvivors [28 & ]. Lysophosphatidylcholine alters innate immunity through inhibition of lipopolysaccharide-induced nitric oxide, which is important to reduce levels of inflammation [40] . Further, the endogenous carnitine pool is important in the effective immune and inflammatory response towards invading pathogens [41] . Carnitine esters are the most pronounced metabolites that differ between critical illness nonsurvivors and survivors [5] . Studies show that an early indicator of critical illness outcomes is mitochondrial biogenesis, a peroxisome proliferator-activated receptor (PPAR)-regulated phenomenon [42] . NLRP3-mediated inflammasome activation is regulated through lipid synthesis, autophagy and via release of mitochondrial DNA into the cytosol [39, 43] . It is hypothesized that mitochondrial dysfunction may lead to problems in b-oxidation and the increase in circulating acyl-carnitines [44] .
Accelerated tryptophan catabolism along the kynurenine pathway occurs with critical illness. Bacterial products and proinflammatory cytokines upregulate indolamine 2,3-dioxygenase (IDO), the enzyme responsible for kynurenine production. IDO is critically involved in CD4 þ and CD8 þ effector T-cell suppression as well as in generation and activation of regulatory T cells [45] . Kynurenine plasma level is predictive for the development of sepsis in major trauma patients [46] . Modulation of kynurenine is associated to 28-day mortality in critical illness [24, 27] . Increased production of kynurenine has been proposed to contribute to hypotension and is associated with impairment in the immune response and in microvascular reactivity [46] .
NUTRITIONAL METABOLOMICS STUDIES: STATIC PROFILING
In a cohort study of 85 critically ill adult patients, both metabolic profiles and nutrition status determined by Registered Dietitian evaluation were determined early in an ICU course [36 & ]. Three hundred and eight known metabolites were measured in plasma. The combination of five metabolites were significantly associated with malnutrition with good discrimination [area under curve (AUC) ¼ 0.76]. Pathway enrichment analysis demonstrated that glutathione and purine metabolism was significantly altered with malnutrition as determined by Registered Dietitian evaluation. Elevations in kynurenine and tryptophan pathway metabolites were found in critically ill patients with malnutrition. Further, addition of metabolites related to nutrition status was noted to improve 28-day mortality classification in statistical models [36 & ].
In a cohort study of 65 adult patients with systemic inflammatory response syndrome (SIRS), sepsis or sepsis ARDS, differences in metabolic profiles were determined early in the course of critical illness with regard to vitamin D status [37 & ]. This cohort is a subset of patients from the nutrition cohort above [36 & ]. Three hundred and eight known metabolites were measured in plasma. Utilizing several analytic strategies, the metabolic profile of critically ill patients was demonstrated to differ based on the ICU admission vitamin D status. The evidence showed that differences in metabolite profiles related to vitamin D status were most prominently associated with glutathione and glutamate metabolism as well as with glucuronidation [37 & ].
NUTRITIONAL METABOLOMIC STUDIES: DYNAMIC PROFILING
In a cohort study of 20 critically ill adult trauma and surgical patients, differences in metabolic profiles were determined early in the course of critical illness with regard to enteral versus parenteral nutrient delivery [34 && ]. Ten critically ill patients received enteral nutrition (EN) and 10 received PN with type of nutrition determined per care team discretion. Postoperative patients and those with cancer or chronic organ dysfunction were excluded. Plasma metabolomics were performed at day 0 (before feeding) and days 3 and 7 (after feeding began). Two hundred and fourteen known metabolites were measured. Patients treated with EN had dynamic increase in plasma amino acids, urea cycle products and ribonucleic acid synthetic products. Those treated with PN had dynamic increases in concentrations of plasma amino acids but dynamic decreases in concentrations of urea cycle metabolites and essential fatty acids. Though there were differences between those that received EN versus PN and the bioinformatic analysis limited by small sample size, the repeated sample design following nutritional intervention is an important design element to incorporate into further study.
Currently, the metabolome of plasma samples at multiple time points from the VITdAL-ICU randomized clinical trial [47] are being determined and analyzed (NIH R01GM115774). The VITdAL-ICU trial was a randomized, double-blind, placebo-controlled, single center trial of 475 critically ill medical and surgical patients with 25(OH)D 20 ng/ml or less, showed in a secondary outcome that high dose enteral vitamin D3 improved mortality in patients with severe vitamin D deficiency [47] . Metabolomic profiles will be produced on the plasma collected from VITdAL-ICU trial patients randomized to highdose enteral vitamin D3 or placebo over three time points. The conceptual model assumes that plasma is an integrative biofluid that reflects the systematic changes of critical illness. The VITdAL-ICU trial plasma metabolites will be studied using bioinformatic approaches including primary metabolomic profile analyses, longitudinal metabolic analysis and canonical pathway analysis. Both the metabolite profile of differential critical illness outcomes observed with preexisting vitamin D deficiency [48] and dynamic changes in metabolites and metabolite pathways associated with critical illness influenced by vitamin D supplementation will be studied.
CONCLUSION
As metabolism is a dynamic process, time-series studies of systematic metabolomics may be an advantageous approach to study critical illness pathogenesis and the elucidation of the complex network of metabolomic processes in the context of nutrient deficiency and delivery. Such dynamic metabolomic study designs can produce insights into the depth and breadth of metabolite changes over time in response to intervention. The application of nutritional omics study to the disrupted homeostasis of critical illness can define malnutrition-associated metabolomic signatures, the dynamic response to nutritional intervention and the mechanisms underlying nutritional interventional trial results. Dynamic metabolomic study of critically ill patients with metabolome measured before and after either parenteral or EN. This study showed differences in protein metabolism and antioxidant repletion whenever metabolome of patients with parenteral or enteral nutrition were compared. 35.
